ABSTRACT. The common bean is an important source of iron and zinc in humans. Increases in the contents of these minerals can combat mineral deficiencies, but these contents are influenced by environmental conditions. Thus, the objectives of this study were to investigate the interaction between common bean lines and water availability on iron and zinc contents (CFe and CZn, respectively), identify superior lines with stable CFe and CZn, and test for a genetic relationship between CFe and CZn. Six crop trials were performed using a randomized block design with three replications. The trials were performed during the winter sowing period for three different combinations of year and site in Brazil. For each combination, 53 lines were evaluated across two parallel trials; one trial was irrigated according to the crop requirements, and the other trial operated under a water deficit. Interaction was detected between lines and environments, and between lines and water availability for CFe and CZn. However, some lines exhibited high CFe and CZn in both conditions. Lines G 6492 and G 6490 exhibited high mean values, stability, and adaptability for both minerals. Other lines exhibited high CFe (Xamego) or CZn (Bambuí and Iapar 65). A
When the genotype x environment interaction is shown to play an important role in the expression of a trait, adaptability and stability analyses can be used to identify superior lines. This is particularly important in Brazil because common beans are sown at three different times throughout the year (i.e., dry sowing in January/February, winter sowing in May/June, and water sowing in October/November), and environmental conditions vary from one season to the next. One environmental factor with high variability is the availability of water during the crop cycle, which may or may not influence CFe and CZn. There are no reports on the effects of the genotype x environment interaction on CFe and CZn under different conditions of water availability.
Another interesting question is whether there is a relationship between CFe and CZn, because such a relationship may facilitate the selection of lines that have high levels of both minerals. Some studies have reported a correlation between CFe and CZn (GuzmanMaldonado et al., 2003; Gelin et al., 2007; Blair et al., 2009; Cichy et al., 2009 ). These studies used recombinant lines derived from crosses between one parent with high CFe and CZn and another with low levels of these minerals. Other studies using lines of different genetic origins have also shown evidence of a relationship between CFe and CZn (Welch et al., 2000; Silva et al., 2012) ; however, additional studies found no evidence of a relationship between CFe and CZn (Ribeiro et al., 2008) .
Therefore, the objectives of this study were to 1) investigate the interaction between crop lines and water supply on CFe and CZn in the common bean; 2) identify common bean lines with high CFe, CZn, and stability for these traits to guide the selection of potential parents for breeding programs; and 3) analyze the genetic relationship between the levels of the two minerals in common beans.
MATERIAL AND METHODS

Field experiments
A total of 53 lines of the common bean, including lines developed in Brazil as well as those from other countries, were evaluated. The lines in this study included the following bean types: 22 black beans, 12 beige/brown beans ('carioca'), 11 beige beans, 2 brown beans, 2 beige/red beans, 2 red beans, 1 yellow bean, and 1 white bean. The trials were conducted for three site-year combinations in the State of Goiás, Brazil; the beans were planted in the winter (May/June). A randomized block design was used consisting of three replicates in plots of two rows measuring 3 m in length. The site-year combinations for the trials were as follows: Santo Antônio de Goiás (2007) ; Porangatu (2006); and Porangatu (2007) . The winter sowing period in these locations is characterized by the absence of precipitation (Heinemann et al., 2007) , which was essential for controlling the amount of water in the experiments. The water supply was completely controlled by sprinkler irrigation using a movable bar with lateral displacement. In each environment, two trials were implemented in parallel, and fertilizer was applied as indicated by the guidelines for the crop. One trial was properly irrigated to maintain the soil matric potential above -0.035 MPa at 15 cm below the surface (Silveira and Stone, 1994) , and the other trial was properly irrigated until 20 days after emergence, when the water deficit treatment was initiated (i.e., 50% reduction in irrigation).
Analyses of CFe and CZn
Samples were obtained from each plot for the determination of CFe and CZn. Micronutrient analysis was performed three times by acid digestion of organic matter (2:1 nitric:perchloric acid mixture) according to the flame atomic absorption spectroscopy technique adapted by the Association of Official Analytical Chemists (1995) . After harvest, the beans were briefly rinsed with deionized water and dried in an oven at 60°C for 12 h (until a 6% moisture level was reached). The dry beans were ground (≤200-mm mesh) in a zirconium oxide ball mill (Retsch MM200) with polytetrafluoroethylene recipients to prevent contamination with metallic elements. Each sample was weighed one day after grinding to allow the moisture content to reach equilibrium. Predigestion of the sample was performed with the acid mixture (50°C for 30 min), followed by digestion (100°C for 30 min and 170°C for 3 h). The samples were cooled to room temperature and a further 2 mL acid mixture was added for digestion (170°C for 3 h). The extract was adequately diluted, and CFe and CZn were measured using an atomic absorption spectrophotometer (AGILENT/VARIAN SpectrAA 50 B) that was previously calibrated with standard curves for Fe and Zn. The data means are reported on a dry matter basis after correcting for the moisture content of the sample, which was obtained by the gravimetric method at 105°C until a constant weight was reached (Instituto Adolfo Lutz, 1995) . The glassware and materials used in the analysis were cleaned using a special washing process with a decontamination step of 5% (v:v) nitric or hydrochloric acid solution to avoid cross contamination.
Statistical analyses
Individual analyses of variance were performed on the CFe and CZn data; the effect of treatment was fixed. To evaluate experimental precision, the coefficient of variation and the selective accuracy (SA) were estimated (de Resende and Duarte, 2007) according to the following: (Equation 1) for F c ≥ 1; when F c < 1 SA = 0; where F c is the value of the F statistic for the lines.
Next, a joint analysis of variance was performed with the experiments from the three site-years, with the line x environment interaction subdivided into line x water supply (with or without a water deficit) and line x site-year. For this analysis, the effects of lines, site-years, and water supply were all fixed. The means were compared using the Scott Knott and Tukey tests (10% probability). The following correlations were determined according to the procedure reported by Vencovsky and Barriga (1992) ; Pearson's correlation was employed for CFe and CZn using the mean values for each line and environment as well as the overall means; the genetic correlation between CFe and CZn was employed using the mean values for each line and environment as well as the overall means; and Spearman's correlation between the two water supply conditions for CFe and CZn was employed using the mean value for the 53 lines for each of the three site-year combinations as well as the overall mean values for the lines.
Stability and adaptability were analyzed according to the method proposed by Nunes et al. (2005) . Initially, the mean values for the lines in the different environments were standardized by the following expression:
where z ij is the value of the standardized variable corresponding to line i in environment j; y ij is the mean of line i in environment j; y .j is the mean of environment j; and s .j is the phenotypic standard deviation between means of the lines in environment j, given by the following equation:
Next, a constant of 3 was added to the values obtained of z i to eliminate negative values. Thus, the mean of the values of z i for a given line was the measure of the adaptability of the line, and the coefficient of variation in z ij (CV i ) for each line was a measure of the stability of the line. For the statistical analyses, SAS Institute Inc. (2008) , GENES (Cruz, 2010) , and SISVAR (Ferreira, 1999) were used.
RESULTS AND DISCUSSION
Interaction of CFe and CZn with the environment
The experimental coefficient of variation for CFe and CZn varied from 3.3 to 9.6% and 5.6 to 11.1%, respectively, indicating a high level of experimental accuracy. The level of accuracy was confirmed by the selective accuracy estimates, which were very high (>0.9) for CFe and high or very high (0.7-0.9) for CZn across the six experimental conditions (Cargnelutti Filho and Storck, 2009 ). The mean CFe for the different trials ranged from 63.7 to 74.0 mg/kg, and the mean CZn ranged from 34.2 to 41.0 mg/kg. The CFe and CZn means yielded values of approximately 20 and 16%, respectively, indicating the occurrence of environmental variation. This variation may be explained by variation among the assessment sites, which had the following geographic characteristics: Santo Antônio de Goiás (823 m altitude, 16°29'S and 49°18'W) and Porangatu (396 m altitude, 13°26'S and 49°09'W). Additionally, these trials were performed over 2 years with two different water availability treatments (i.e., adequate irrigation and water deficit). Mean CFe ranged from 63.7 to 74.0 mg/kg for the water deficit condition and 66.6 to 71.1 mg/kg for the adequate irrigation condition. For CZn, the means ranged from 36.6 to 41.0 mg/kg for the water deficit condition and 34.2 to 38.8 mg/kg for the adequate irrigation condition. All of the trials showed significant differences in CFe and CZn among the crop lines.
The ratio of the largest to smallest mean square error was <7 for the two traits ( Table 1 ), indicating that the residual variances were homogeneous (Pimentel-Gomes, 2000) . The joint analyses detected significant differences in CFe and CZn based on the three main sources of variation (i.e., site-year combinations, lines, and irrigation conditions), indicating that there was variability in CFe and CZn among the lines. This variability can be explained because there was significant variation in the origins of the 53 lines used in the study, which included lines developed by several Brazilian research institutions and lines introduced from other countries. Other studies have also reported differences in CFe and CZn among different lines of the common bean Araújo et al., 2003; Ribeiro et al., 2008; Silva et al., 2012; Jost et al., 2013) .
The identification of water supply as a significant source of variation indicated that CFe and CZn varied according to differences in irrigation, despite the small difference in the mean CFe value between the water deficit and adequately irrigated crops, and the similarly small difference in the mean CZn value among the two irrigation conditions ( Table 2 ). The interactions between lines and site-year combinations were also significant for both minerals ( Table 1 ), indicating that there was a differential response of the lines to site-years, which has often been reported for other traits in the common bean (Pereira et al., 2010; Perina et al., 2010) ; it has even been reported in the State of Goiás, Brazil, in studies conducted during the same sowing period (Pereira et al., 2011; Torga et al., 2013) . Because most studies on the genetic control of CFe and CZn have reported that inheritance is quantitative (Cichy et al., 2009; Blair et al., 2009) , the genotype x environment interaction is expected to have marked significance. This interaction has been reported to have a notable effect on both minerals (Cichy et al., 2009; Tryphone and Msolla, 2010 MS = mean square; CV = coefficient of variance. Table 1 . Summary of joint analysis of variance examining the effect of the interaction between genotype and environment on iron and zinc contents (mg/kg) from 6 experiments using the common bean, which were conducted in the municipalities of Santo Antônio de Goiás (2006) and Porangatu (2006 and 2007) during the winter sowing period under normal irrigation and water deficit conditions.
The interactions among the lines and water supply were also significant, indicating that variation in water availability had a nonlinear effect on CFe and CZn in the lines (Table 1) . However, it should be noted that the interaction may be predominantly simple, (i.e., it would not alter the classification of the lines) or complex, which would lead to changes in the classification of the lines. One method that was used for verifying the importance of the complex interaction was to estimate Spearman's correlation for the CFe and CZn means of the lines for both water supply treatments. For the overall mean CFe of the lines, this estimate was significant and had an intermediate value (0.57) (P < 1%), indicating that the interaction was predominantly com-plex, (i.e., the water supply altered the classification of the lines). When the three site-years were analyzed separately, the results suggested low correlations of 0.29, 0.33, and 0.38 for Porangatu (2007), Porangatu (2006) , and Santo Antônio de Goiás (2006) , respectively. For the mean CZn, the correlation was significant and intermediate (0.54), with greater variation among the siteyears [0.05, 0.44, and 0.33 for Porangatu (2007), Porangatu (2006) , and Santo Antônio de Goiás (2006) , respectively], indicating that the complex interaction was also important for Zn.
For the selection of lines, we investigated whether the same lines exhibited similarly high levels of minerals when subjected to the two different conditions of water availability. Based on an analysis of the CFe and CZn mean values ( WD = water deficit conditions; C = classification. 1 Means followed by the same superscript letter do not differ significantly by the Scott-Knott test (10% probability); between lines, with the lowercase letters; between general means, with capital letters. Table 2 . Mean values of iron and zinc contents (mg/kg) of 30 common bean lines evaluated across 6 experimental conditions conducted in the municipalities of Santo Antônio de Goiás (2006) and Porangatu (2006 and 2007) during the winter sowing period under normal irrigation and water deficit conditions. interaction. However, these results also demonstrates that it is possible to select superior lines under both irrigation conditions, which is of interest given that water deficit is not a factor that can be controlled.
Although the general trend observed was that described above, CFe and CZn varied widely among some of the lines depending on the availability of water ( Table 2 ). The Novo Jalo line exhibited the 3rd highest CFe under water deficit conditions, but ranked 40th in CFe under adequate irrigation conditions. The IPA7 line showed the opposite response; it ranked 32nd in CFe with a water deficit and 7th under normal irrigation conditions. For CZn, the BRS Marfim cultivar ranked 6th under water deficit conditions but had a CZn of only 32.7 mg/kg under normal irrigation conditions, thus ranking 46th among all the lines. The cultivar Piratã 1 with a water deficit ranked 34th but showed the highest CZn with adequate irrigation. These results show the importance of the complex interaction among water availability and lines and confirm the need for mineral content evaluations across different environmental conditions.
Identification of lines with higher CFe and CZn and greater stability and adaptability
To identify the lines that had higher CFe and CZn and, therefore, more promising for use in crossbreeding, the mean CFe and CZn values from the six trials were analyzed together, regardless of water availability conditions. For CFe, the first four groups identified by the cluster test contained the 15 lines with the highest mineral content (Table 3) . Among these lines, G 6492 (82.11 mg/kg) and Xamego (79.17 mg/kg) showed interesting results. The CFe of the Pérola cultivar, the most widely used common bean in Brazil, was 66.83 mg/kg (Table 4) , which was approximately 23% lower than the highest mean CFe value. Based on nutritional information, including the daily adult requirement for iron (i.e., 14 mg/day) (Food and Nutrition Board, 2001 ) and the average consumption of beans per capita in Brazil (i.e, 18 kg/year, or 50 g/day) (Wander, 2007) , consumption of the Pérola cultivar would provide 3.3 mg of Fe per day to an adult. This amount of Fe would represent 23.6% of the daily requirement for that mineral. Substituting the Pérola cultivar with the G 6492 line in this scenario could represent an increase in consumed Fe to 4.1 mg (an increase of 23%), which would account for 29.3% of the daily human requirement for Fe. Nonetheless, this analysis illustrates the importance of developing bean cultivars with higher CFe, especially for consumption by people with low purchasing power.
For CZn, the first 3 groups identified by the cluster test grouped the 15 lines with the highest concentrations (Table 3) . Three lines showed high levels of Zn: Brasil 0001, Iapar 65, and G 6490. The Pérola cultivar had a CZn value (37.83 mg/kg) that was 18% lower than the CZn value of the Brasil 0001 line. With a daily human Zn requirement of 7 mg/day, consuming the Pérola bean would provide approximately 1.89 mg of Zn per day, representing 27% of the daily human requirement for this nutrient. Consuming the Brasil 0001 bean would result in a daily consumption of 2.24 mg of Zn (a relative increase of 18.4%), thus providing 32% of the daily human requirement. Based on the range of CFe (54.06 to 82.11 mg/kg) and CZn (28.89 to 44.78 mg/kg) among the breeding lines, there is great variability in mineral content among genotypes, and it is possible to select lines with relatively high levels of these minerals (Tables 3 and 4 The values in bold indicate the 15 best lines for each parameter evaluated; z ij = value of the standardized variable (adaptability parameter); CV i = coefficient of variation of the standardized variable for each line (stability parameter).
1
Means followed by the same superscript letter are not significantly different by the Scott-Knott test (10% probability). Table 3 . Mean values of iron and zinc contents (mg/kg) and parameters of adaptability and stability for the 27 common bean lines with the greatest iron content, evaluated across 6 experimental conditions conducted in the municipalities of Santo Antônio de Goiás (2006) and Porangatu (2006 and 2007) during the winter sowing period under conditions of normal irrigation and water deficit.
In this study, it was found that the line x environment (site-year and water supply) interaction was important (Table 1) and that lines do not perform similarly across different environments with regard to mineral content. Therefore, it is important to identify lines that contain high average values of CFe and CZn and are stable and well adapted. The method established by Nunes et al. (2005) provides information on adaptability using the z i statistic and evaluates stability using the CV i . Based on the values of z i for CFe, the most well adapted lines were G 6492 and Xamego (Table 3 ). In general, for the 15 lines with the highest average CFe values, 14 lines also showed high values of z i , indicating that the relationship between CFe and z i was strong. The estimates of CV i varied greatly (10.29-46.23%), indicating a high degree of variation in the stability of the lines (Tables 3 and 4 ). The lines Sea 9 and Sea 7 were the most stable. Among the 15 lines with the highest CFe values, 9 were among the most stable lines. In addition, G 6492, which had the highest average CFe value, ranked number 16 with respect to stability.
Considering the mean CFe value, adaptability, and stability, 9 lines were identified as having potential for use in breeding programs seeking to increase CFe in common beans, including G 6492, Xamego, G 1106, Piratã 1, Sea 9, G 2358, Sea 7, G 6490, and G 12778 (Table 3 ). The black bean Xamego is a recommended cultivar in some Brazilian states and is a line that has other favorable agronomic traits. Means followed by the same superscript letter are not significantly different by the Scott-Knott test (10% probability). Table 4 . Mean values of iron and zinc contents (mg/kg) and adaptability and stability parameters of the 26 common bean lines with the lowest iron content, which were conducted across 6 experimental conditions in the municipalities of Santo Antônio de Goiás (2006) and Porangatu (2006 and 2007) during the winter sowing period under normal irrigation and water deficit conditions. For CZn, the most well adapted lines were Brasil 0001 and Iapar 65 (Table 3) . Among the 15 lines with the highest mean CZn values, 13 also had high values of z i , confirming a strong relationship between the mean CZn and z i . Similar to the results for CFe, the estimates of CV i ranged from 9.69 to 49.22%, showing a high degree of variation in the stability of the lines (Tables 3 and 4 ). The cultivars BRS Marfim and Bambuí were the most stable. Of the 15 lines with the highest CZn values, 5 lines also were among the most 15 stable. In addition, the lines Iapar 65, Brasil 0001, and Porto Real, which ranked 2nd, 1st, and 12th, respectively, with regard to CZn; they ranked 16th, 17th, and 18th with regard to stability. The CV i estimates for these lines were very similar to the estimate for the 15th most stable line (CV i = 20.37%). Based on the results for the mean CZn values, CZn adaptability, and CZn stability, 8 lines may have potential uses in breeding programs seeking to increase CZn in beans, including Brasil 0001, Iapar 65, G 6490, G 6492, Porto Real, G 4489, G 2475, and Bambuí (Tables 3 and 4) . The cultivars Iapar 65 (black bean) and Bambuí (beige bean) are also noteworthy because they exhibited other favorable agronomic traits.
A comparison of the lines with the highest potential for use in breeding programs to increase CFe and CZn showed that only a few lines yielded increased levels of both minerals. To simultaneously improve CFe and CZn, the best lines were G 6492 and G 6490, which are black beans (Tables 3 and 4) .
Relationship between CFe and CZn
The phenotypic correlation (r f ) obtained using the overall averages of CFe and CZn for each line was significant (0.58), indicating that there was an intermediate association (0.41 < r f < 0.70) between the levels of the two minerals (Table 5 ). This result was confirmed by individual estimates for the six experiments, which varied from 0.11 to 0.70. The individual estimates were significant in 5 of the 6 cases and were consistent with the correlation observed among the mean values. The extent of the correlation varied widely among the different experiments and ranged from no association to intermediate association, indicating the influence of environment and other associations on these characteristics. The results were similar to those found in other studies (Guzman-Maldonado et al., 2003; Gelin et al., 2007; Cichy et al., 2009; Blair et al., 2009 Blair et al., , 2011 ) that examined recombinant lines obtained from crosses between one parent with high CFe and CZn and another with low levels of these minerals. In contrast, some studies using lines with different genetic backgrounds showed that this relationship does not exist (Ribeiro et al., 2008) , while others reported a significant relationship (Welch et al., 2000; Silva et al., 2012) between the levels of the two minerals. A total of 18 correlation estimates from previous studies ranged from -0.08 to 0.75, with an average of 0.46. 2 N = experiment with normal irrigation; **significant at P < 1% (t-test); and *significant at P < 5% (t-test); ++ significant according to the resampling test via bootstrapping (Cruz, 2010) . Table 5 . Phenotypic (r f ), genetic (r g ) and environmental (r a ) correlations between the iron content and zinc content, based on the averages of 53 lines evaluated across 6 experimental conditions. The phenotypic correlation was the measure most frequently used in the studies cited above, but this measure has both genetic and environmental components. However, it is important to estimate the genetic correlation between traits because this correlation reflects only the genetic association (i.e., whether the genes controlling the 2 traits are linked and/or pleiotropic) (Vencovsky and Barriga, 1992) . In this study, the genetic correlation estimates were similar to the phenotypic correlations. Based on the overall mean of the lines (0.62), the genetic correlations were intermediate and ranged from 0.11 to 0.72 among the experiments (Table 5) . Silva et al. (2012) also found an intermediate genetic correlation between Fe and Zn (0.54). Thus, the genetic correlation estimates confirmed that there was an intermediate relationship between the levels of both minerals, and at least some of the genes controlling these traits are linked and/or pleiotropic. 
CONCLUSION
The water availability during the common bean cycle affects CFe and CZn contents in the grains of different lines. However, it is possible to identify lines with high CFe and CZn contents, simultaneously, for use in different water availability and environmental conditions.
There is an intermediate genetic correlation between CFe and CZn. The G 6492 and G 6490 lines, which are black beans, have potential for use as parents in breeding programs seeking to produce lines with both high CFe and CZn contents. Xamego (black bean), Iapar 65 (black bean), and Bambuí (beige bean) lines not only exhibited desirable agronomic traits but also showed high mean values, adaptability, and stability for CFe (Xamego) and CZn (Iapar 65 and Bambuí).
